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Bulk  heterojunction  (BHJ)-based  organic  solar  cells  realized  on  glass  substrates  incorporating  antire-
ﬂective  nanoscale  subwavelength  structures  (SWSs)  can  harness  more  solar  power,  leading  to  greater
electrical  output  power.  The  power  conversion  efﬁciency  of  the  SWS  integrated  BHJ-based  organic  solarccepted 1 February 2015
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cell was  relatively  improved  by 7.2%  compared  with  that of  conventional  solar  cell without  SWS.
© 2015  Published  by  Elsevier  B.V.ntireﬂection coating
. Introduction
Organic photovoltaic (OPV) devices have been a subject of
ntense research owing to their advantage of low cost manufac-
uring via large-area solution processing [1–3]. In addition to this
dvantage associated with the manufacturing cost, recent advances
n materials and device technologies, which have led to power con-
ersion efﬁciency (PCE) of OPV devices close to 10%, have made
PV devices very promising for the next generation PV industry
4–6]. Recent progress in polymer bulk heterojunction (BHJ)-based
olar cells has offered a tremendous improvement in the PCE. These
mpressive accomplishments in organic solar cell research were
chieved in part through the molecular engineering of polymers
7,8]. By developing new polymers with low band-gap, solar spec-
ra in the red and near-infrared regions as well as the visible regions
an be harvested to generate photocurrent in organic solar cells
9–11]. In terms of device technologies, several approaches, i.e., the
se of a spacer layer between the active layer and the electrode [12],
 metal nanostructure for surface plasmon resonance [13,14], and
anoscale morphology in the active layer [8], have been used to
ncrease the PCE of organic solar cells.
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E-mail address: jjang@gist.ac.kr (J.-H. Jang).
ttp://dx.doi.org/10.1016/j.apsusc.2015.02.003
169-4332/© 2015 Published by Elsevier B.V.Another approach that can be utilized to enhance the PCE of
organic solar cells is to employ an antireﬂection coating (ARC) at
the top surfaces of the devices to increase the solar power inci-
dent on the absorber layers in the solar cells. The reﬂection loss
associated with the interface between the glass substrate and air is
around 8%, considering the refractive index difference between the
glass substrate and air. However, ARCs have not been employed in
organic PV devices.
Thin ﬁlm coatings based on dielectric materials have commonly
been employed for solar cells [15]. Optical impedance matching
between the air and the substrate using thin ﬁlm materials with dif-
ferent refractive indices and thicknesses can reduce the reﬂection
loss at the surface. Although this can lead to excellent antireﬂective
characteristics, these methods are not effective for a glass substrate
that has a refractive index close to 1.5. A single-layer ARC for a glass
substrate requires material with a refractive index in the range of
1.2–1.3 because the dielectric medium used for ARC should have
an intermediate refractive index between those of glass and air
[16]. Unfortunately, ﬁnding a solid dielectric material with such
a low refractive index to satisfy the above conditions is challeng-
ing. Thereby, conventional organic PV devices have not employed
ARCs.
Broader solar spectrum can now be absorbed and converted to
electrical power due to the recent advances in the materials used in
organic PV devices. If broadband ARC that can minimize the surface
reﬂection from the top surface of organic PV devices can be realized,
a maximum 8% percentile PCE improvement is expected.
D.-S. Kim et al. / Applied Surface S
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vig. 1. (a) Fabrication process steps for the glass SWS  and (b) device structure of the
CDTBT:PC71BM BHJ-based organic solar cell with a glass SWS  ARC.
As an alternative to conventional thin ﬁlm based ARC, subwave-
ength structures (SWSs) have recently been utilized for various PV
echnologies [17–19]. A nanoscale textured SWS  whose dimension
s smaller than the wavelength of the incident light can suppress
eﬂection owing to its continuous effective refractive index from
he air to the host material where SWS  was realized. By mitigating
he refractive index mismatch, a reduction of the surface reﬂec-
ion over a broad spectral range and a wide incident angle range
as been proven in several studies [20–22]. As has been stated
bove, the difﬁculty of ﬁnding the appropriate dielectric materi-
ls required for organic PV devices can be overcome by employing
WS  on the glass substrate where the organic PV devices will be
abricated. The nanoscale SWS  fabricated on top of glass substrates
xhibited mechanical stability and self-cleaning property suitable
or outdoor conditions [23].
In this paper, a BHJ-based organic solar cell was fabricated on
 glass substrate with an SWS  ARC in an effort to investigate the
ffect of the antireﬂective SWS  on the PCE of an organic solar cell.
irst, a nanoscale glass structure with a height of 220 nm was real-
zed on a glass substrate via a thermal dewetting process of silver
Ag) ﬁlm followed by a dry etching process. A BHJ-based organic
olar cell consisting of poly[N-9′′-hepta-decanyl-2,7-carbazole-
lt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole) (PCDTBT) and
6,6]-phenyl C71-butyric acid methyl ester (PC71BM)  was then fab-
icated on the ﬂat backside of the glass substrate with an SWS  ARC.
he optical properties and device characteristics of these organic
olar cells were measured and discussed.
. Experiment
Prior to the fabrication of the solar cell, a glass substrate inte-
rated with a nanoscale textured structure was created. An indium
hin oxide (ITO)-coated soda-lime glass substrate was cleaned
ith acetone, methanol, and isopropyl alcohol in that order. The
ealization of the nanoscale structure was carried out on the back-
ide of the ITO-coated glass substrate, through which sunlight
ill be incident. Fig. 1(a) presents an illustration of the pro-
ess steps used to create the nanoscale textured glass structure
ia thermal treatment of Ag ﬁlm and a following dry etchingcience 332 (2015) 716–719 717
process. Ag ﬁlm with a thickness of 10 nm was deposited on
a glass substrate by means of electron-beam (e-beam) evapora-
tion with a deposition rate of 0.2 A˚/s. The Ag-deposited substrate
was then heated at 300 ◦C for 5 min  by rapid thermal annealing
(RTA) process. During the heating process, the Ag ﬁlm was  par-
tially agglomerated such that Ag nanoparticles with diameters
of 50–60 nm were sparsely formed. Finally, dry etching was  car-
ried out to transfer the nanoscale pattern onto the glass substrate
using a reactive-ion etching (RIE) system operated under CF4 gas
(100 SCCM; cubic centimeters per minute at STP) at a chamber
pressure of 70 mTorr. During the dry etching process for the for-
mation of the glass nanostructure, dewetted Ag nanoparticles were
used as an etching mask. Finally, the remaining Ag nanoparticles
were removed by immersion in wet etchant of HNO3. The total
area of SWS  can be scaled up by using non-vacuum printing and
etching process that are utilized in ﬂat panel display technology
[24].
The optical properties of the fabricated glass substrate with the
nanoscale glass structure were measured at wavelengths ranging
from 350 to 700 nm using a UV-VIS-NIR spectrometer (Cary 5000,
Varian) and an integrating sphere.
An organic solar cell consisting of aluminum (Al)/titanium sub-
oxide (TiOx)/PCDTBT:PC71BM/poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS) was fabricated on an ITO-
coated glass substrate. Fig. 1(b) provides a schematic diagram of
the PCDTBT:PC71BM BHJ-based organic solar cell integrated with an
SWS  ARC. Nanoscale textured glass SWS  was  realized on the back-
side of an ITO-coated glass substrate before the device fabrication
process. PEDOT:PSS with a thickness of 25 nm was  deposited on the
ITO-coated glass substrate incorporating an SWS  ARC using a spin-
coating method. The PEDOT:PSS-coated substrate was then dried
for 10 min  at 140 ◦C. After baking the PEDOT:PSS layer, an active
layer with a thickness of 80 nm,  which is composed of PCDTBT and
the fullerene derivative PC71BM,  was  deposited. A solution con-
taining a mixture of PCDTBT:PC71BM (1:4) in dichlorobenzene as a
solvent with a concentration of 7 mg/ml  was spin-coated onto the
PEDOT/PSS layer. The ﬁlm was then dried for 60 min  at 70 ◦C. A TiOx
precursor solution diluted to 1:200 in methanol was spin-coated
onto the PCDTBT:PC71BM layer. The sample was heated to 80 ◦C for
10 min. The TiOx was  introduced as an optical spacer and a hole
blocker [12]. Finally, 100-nm-thick Al was deposited by thermal
evaporation for the cathode electrode.
The wavelength-dependent external quantum efﬁciency (EQE)
values of solar cells with and without an SWS  ARC were measured
using an incident-photon current-efﬁciency measurement system.
The current density–voltage (J–V) characteristics of the devices
were also measured using an air mass 1.5 global (AM 1.5 G) solar
simulator with an irradiation intensity of 1000 W m−2.
3. Results and discussion
The realized nanoscale SWS  on the glass substrate can improve
the transmittance of the substrate on which the solar cell will be
fabricated. The continuous change in the refractive index proﬁle
between the air and the glass substrate reduces the optical loss at
the surface of the substrate. Fig. 2 shows the measured transmit-
tance spectrum of a bare glass substrate and glass substrates with
three different SWS  ARCs. Scanning electron microscopy (SEM)
images of the fabricated SWSs with different shapes are shown
in the inset of Fig. 2. For SWS  1, SWS  2, and SWS  3, a RIE process
was performed for 8, 12, and 16 min, respectively. The average
size of the nanoscale structure of all samples is around 100 nm,
as determined at the stage of the thermal treatment [20]. During
the thermal treatment, irregularly agglomerated Ag nanoparticles
were created and the size and pitch of the nanoparticles were
718 D.-S. Kim et al. / Applied Surface S
Fig. 2. Measured transmittance of a bare glass substrate and glass substrates with
SWS  1, SWS  2, and SWS  3. The insets are SEM images of the fabricated nanoscale
SWSs with different side wall proﬁles.
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organic solar cells on a conventional glass substrate and on a glass
F
iig. 3. Reﬂectance spectrum of a BHJ-based organic solar cell realized on glass
ubstrates with and without a glass SWS  ARC.
etermined according to the thermal treatment conditions. On the
ther hand, the proﬁle of the nanoscale structure was determined
y pattern transferring process via RIE etching. When the etching
ime was not sufﬁcient, SWS  with a truncated conical shape with low height was obtained, as shown in the inset of Fig. 2. As
he etching time increased, the taller nanoscale structures with a
arrow tip size could be realized. The SWS  3 sample with nanoscale
ig. 4. (a) Wavelength-dependent EQEs of organic solar cells on two  types of substrate a
rradiance of the solar spectrum at AM 1.5G.cience 332 (2015) 716–719
cones with narrow tips exhibited a height of about 220 nm and a
width of approximately 100 nm.
Compared to that of the bare glass substrate, enhanced transmit-
tance was  obtained from the glass substrate with nanoscale SWS.
The transmittance of the glass substrate with SWS  3 was improved
from 90.9 to 94.4 as compared to the reference glass substrate in
the wavelength region between 400 and 700 nm. The improve-
ment of the optical property is ascribed to the gradual effective
refractive index proﬁle of the nanoscale glass SWS, leading to the
minimization of Fresnel reﬂection.
Fig. 3 shows the reﬂectance spectrum of the fabricated
PCDTBT:PC71BM BHJ-based organic solar cells realized on a glass
substrate and a glass substrate integrated with SWS  ARC. In this
measurement, transmitted light is assumed to be zero because the
Al electrode layer located at the bottom of the sample is opaque in
the solar spectral range. The light which is not absorbed in the active
layer of solar cell is totally reﬂected. As shown in Fig. 3, a dramatic
decrease in the reﬂectance was  observed in the organic solar cell on
the glass substrate with an SWS  ARC throughout the wavelength
range of 350–700 nm.  The average reﬂectance of the plain solar cell
was 41.8%, while that of the solar cell with SWS  ARC was 36.8%. The
minimized reﬂection loss on the glass surface arose from the inte-
gration of a nanoscale textured structure can increase the amount
of light transmitted to the solar cell, ﬁnally leading to greater opti-
cal absorption in the active layer. The increased absorption can be
veriﬁed by measuring the EQE of the solar cells.
Fig. 4(a) and (b) show the EQE of the PCDTBT:PC71BM BHJ-
based organic solar cell realized on the different substrates and
the relative EQE enhancement of the organic solar cell incorporat-
ing the SWS  ARC compared to the reference solar cell without ARC.
After introducing SWS  ARC onto the glass substrate, the average
EQE was  increased from 65.7 to 68.9% in the wavelength range of
400–600 nm as compared to that of the device created on a bare
glass substrate. Speciﬁcally, for the wavelength range longer than
350 nm,  in which considerable solar irradiance is distributed, the
relative improvement of the EQE has a positive value. At wave-
lengths longer than 420 nm,  the relative improvement of the EQE
is higher than 4.5%, as shown in Fig. 4(b). The standard solar spec-
trum at AM 1.5G is presented in the inset of Fig. 4(b). The increment
of the EQE can be ascribed to reduced reﬂection loss due to the SWS
ARC. These results demonstrate that adopting an SWS  ARC on an
organic solar cell offers greatly enhanced absorption capability to
generate photocurrent.
Fig. 5 shows the J–V curves of PCDTBT:PC71BM BHJ-basedsubstrate with an SWS  ARC. The plain PCDTBT:PC71BM BHJ-based
organic solar cell has a power-conversion efﬁciency of 5.97%, an
open-circuit voltage (Voc) of 0.90, a short-circuit current density
nd (b) the relative EQE improvement of the organic solar cells. The inset shows the
D.-S. Kim et al. / Applied Surface S
Fig. 5. Current density–voltage characteristics of a PCDTBT: PC71BM BHJ-based
organic solar cell on different types of substrates.
Table 1
Device parameters of the PCDTBT:PC71BM BHJ-based organic solar cells realized on
bare glass substrate and on glass substrate with an SWS  ARC.
Jsc (mA/cm2) Voc (V) FF PCE (%)
Without SWS  ARC 10.20 0.90 0.65 5.97
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Jsc) of 10.20 mA/cm2, and a ﬁll factor (FF) of 0.65. Compared to
his reference device, the organic solar cell fabricated on the glass
ubstrate with ARC showed an increase in Jsc value from 10.20 to
0.82 mA/cm2 and essentially the same values of Voc and FF. The
evice parameters of solar cells under AM 1.5G solar illumination
re listed in Table 1. By introducing antireﬂective textured SWS
n the PCDTBT:PC71BM BHJ-based organic solar cell, the generated
hotocurrent was signiﬁcantly increased due to the suppression of
he surface reﬂection, while the other solar cell parameters were
ssentially the same. The nanoscale SWS  realized on the glass sub-
trate can serve as an ARC to minimize the optical loss taking place
n the surface. Without any change of the photoelectric characteris-
ics or the device structure, such as the composition or thicknesses
f the individual layers of the solar cell, the performance of the
rganic solar cells can be improved by introducing ARC realized by
anoscale SWS  on glass substrate.
. Conclusion
A subwavelength-scale surface structure ARC was formed by
eans of a thermal treatment of Ag ﬁlm and a dry etching process.
he nanoscale structure realized on the glass substrate achieved
ntireﬂective properties, and the integration of the SWS  ARC on the
CDTBT:PC71BM BHJ-based organic solar cell improved the device
erformance. The improved photoelectric characteristics of solar
ells with SWS  ARC prove that higher PCE can be achieved by mono-
ithically integrating nanoscale SWS  ARC with conventional OPV
evices.
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